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Several mechanisms and interactions between dietary factors, gut microbes, and host metabolism are involved ( Figure 1) . First, increased absorption of energy from the gut content may contribute to obesity, a trait that is transmissible in animal models, suggesting a vital role for the gut microbiome. 3 This effect is partly mediated by short chain fatty acids (SCFAs), which are end-products of microbial fermentation of dietary fibres, and involved in energy harvest from the gut as well as maintaining the integrity of the gut mucosa. 1 Hence, reduction of certain SCFAs, in particular butyrate, may result in a dysfunctional gut mucosal barrier, facilitating passive leakage of microbial toxins such as lipopolysaccharides (LPSs) from the gut to surrounding adipose tissue and circulation, triggering inflammation and insulin resistance. 1, 4 Of note, LPSs may also be actively co-transported across the gut membrane together with triglyceride-rich particles such as chylomicrons.
In addition, the gut microbes produce a large range of metabolites which act not only in the gut, but also systemically, and this large pool of known and unknown metabolites is not fully explored. As an example, a link between gut microbiota biosynthesis of branched chain amino acids (BCAAs), serum levels of BCAAs, and insulin resistance was recently reported from a large study of serum metabolomics and gut microbiome analyses. 5 Furthermore, primary bile acids (BAs) are produced from cholesterol in the liver and transformed in the gut to secondary BAs which regulate numerous metabolic pathways via receptor signalling and by modulating the gut microbiota composition.
Whereas the above-mentioned mechanisms are mainly linked to obesity and metabolic disturbances, which in turn may contribute to cardiovascular risk, the metabolite trimethylamine N-oxide (TMAO) is the first potentially direct link between the gut microbiota and atherosclerotic heart disease. Trimethylamine (TMA) is produced by the gut microbiota from nutrients containing L-carnitine, choline, and phosphatidylcholine, and is subsequently oxidized by hepatic flavin-containing monooxygenases to TMAO. 5 TMAO has been proposed to interfere with cholesterol transportation, and TMAO precursors promote foam cell formation and atherosclerosis in animal models, but not when adding antibiotics to the drinking water, suggesting a microbiota-dependent mechanism. 5 Of note, elevated plasma levels of TMAO have, in several independent cohorts from the USA and Europe, been shown to predict incident myocardial infarction, stroke, and all-cause mortality, as well as poor clinical outcome in heart failure patients. [5] [6] [7] [8] In this issue of the journal, Li and colleagues extend the field further, by investigating TMAO as a potential risk stratification marker in the setting of acute coronary syndromes (ACS). 9 In two independent cohorts of patients presenting with ACS in the USA and Switzerland, the upper quartile of TMAO levels were found independently to predict major coronary events (MACE) at different time points. Interestingly, in the US cohort, TMAO predicted incident MACE at 30 days and 6 months beyond traditional risk factors and electrocardiographic data, even in subjects who were initially negative for troponin T. The authors conclude that TMAO measurement may be of clinical utility in risk stratification among subjects presenting with suspected ACS. So, is it time to start measuring TMAO in the emergency department? One argument favouring this view is the stability of TMAO measurement applying high-performance liquid chromatography, This could in theory be useful for risk stratification, in particular in patients with negative troponin T levels. Of note, such stratification could be mechanistically and clinically relevant in light of recent studies revealing interaction between TMAO and calcium signalling in platelets, which could enhance thrombosis potential in vivo.
10
On the other hand, as pointed out by the authors, TMAO has not been predictive of cardiovascular events in all published studies, and, as a biomarker, TMAO is not without its paradoxes. First, whereas TMAO has been proposed as a potentially microbiota-dependent link between Westernized diet including red meat and cardiovascular disease, 6 TMAO levels are also elevated in several types of fish and sea food, 7 which are considered to be cardioprotective. Interestingly, the US cohort had somewhat higher overall levels of TMAO in the study by Li et al., possibly reflecting dietary differences between the two study populations, opening up the possibility that the prognostic power of TMAO may vary from population to population, depending on background dietary habits. Secondly, two independent cohorts have reported that TMAO levels increased markedly after bariatric surgery, an intervention known to reduce cardiovascular risk, possibly due to major shifts in microbiota composition resulting in a more aerobic gut environment after surgery. 11 Thirdly, TMAO may be confounded by renal and liver function, the first being linked to elimination of TMAO by the kidneys, and the latter being linked to hepatic oxidation of TMA. Hence, other metabolites in the TMAO pathway, such as c-butyrobetaine which is not dependent on hepatic oxidation and perhaps more directly related to intake of red meat as it is a metabolite of L-carnitine, could be of relevance. 12 Although TMAO may have its limitations as a biomarker in certain populations, this should not restrict mechanistically plausible studies with the potential for revealing novel therapeutic principles. Thus, the clinical relevance of TMAO may be strengthened in light of recently developed TMA inhibitors, which in animal models inhibit microbial production of TMA. This 'drug the bug' strategy reduces TMAO levels and reverses atherosclerosis in mice, apparently without killing the microbes. 13 It remains to be demonstrated in humans that such a strategy is safe and of clinical benefit. In addition to TMA inhibitors, dietary interventions might be highly relevant, as diet shapes the gut microbiota and affects cardiovascular risk. Interestingly, high adherence to a Mediterranean diet was associated with lower urinary TMAO levels, irrespective of background diet (vegan, vegetarian, or omnivorous).
14 In this respect it should be noted that the composition of gut microbiota is highly variable from person to person, and one strategy that works in one person will not necessarily work in another. This was elegantly demonstrated in a recent work targeting post-prandial glycaemic responses. It is noteworthy that the glycaemic response to standardized food items was highly variable from individual to individual, but, when stratifying for gut microbiota composition in a meal prediction model, the prediction of individual glycaemic responses was substantially improved. 15 Could this variation in the gut microbiota composition be used to stratify treatment in a clinical setting, such as ACS? The next step should be adequately powered clinical trials targeting the gut microbiota and related metabolites, to establish a causal and clinically relevant relationship between the gut microbiome and atherosclerosis. Stratification by TMAO levels to select high-risk candidates for rapid coronary angiography and/or double platelet inhibition could be one approach. TMAO could also be used as a biomarker in clinical trials of TMA inhibitors, dietary interventions, or other strategies for targeting the gut microbiome in order to reduce clinical events. Hence, the work by Li et al. is an important contribution to bringing clinical microbiota medicine closer to the emergency room, so far as a rationale for properly designed clinical trials.
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